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ABSTRACT 12 
 13 
The oxidant action implies interfering in an autocatalytic process in which no less than five 14 
chemical species are present (oxygen, oxidizable substrate, radicals, antioxidants and oxidation 15 
products) furthermore, reactions of first and second order can take place and interactions can 16 
occur at several levels of the process. The common and incorrect practice is to use the single-17 
time dose-response of an established antioxidant as a calibration curve to compute the 18 
equivalently antioxidant capacity of a sample, which is only tested at one single-time-dose, 19 
assuming too many false aspects as true. Its use is unreasonable, given the availability of 20 
computational applications and instrumental equipment that, combined, provide the adequate 21 
tools to work with different variables in non-linear models. The evaluation of the dose-time-22 
dependency of the response of the β-carotene method as a case study, using the combination of 23 
strong quantification procedures and high amount of results with lower experimental error 24 
(applying microplate readers), reveals the lack of meaning of single-time criteria. Also, it 25 
demonstrates that in most of the reactions, the time-dependent response in the oxidation process 26 
 2 
is inherently non-linear and should not be standardized at one single-time, as it would lead to 27 
unreliable results, hiding the real aspects of the response. In food matrices, the application of 28 
single-time criteria causes deficiencies in the control of antioxidant content. Therefore, it is 29 
logical that in the last decade, researchers have claimed consensus to increase the determination 30 
and effectiveness of antioxidant responses. 31 
 32 
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INTRODUCTION 35 
 36 
At present, there is no convenient assay that enables the evaluation of the antioxidant capacity 37 
(AC) in a food system, mainly because the factors affecting the oxidation reactions and 38 
antioxidant capacities differ 1,2 greatly. The current methods to test the AC have still left many 39 
open questions 3–7. The in vitro assays can only rank AC for its particular reaction system and its 40 
relevance to in vivo health protective activities remains uncertain. Free radicals may be either 41 
oxygen derived (reactive oxygen species, ROS) or nitrogen derived (reactive nitrogen species, 42 
RNS). In a normal cell, there is an appropriate balance, but this can be shifted in stress situations 43 
or when levels of antioxidants (A) are diminished. Therefore, an important factor that may 44 
counteract their effect is the alimentary intake of antioxidants. Hence, since two decades, the 45 
interest for evaluating the antioxidant capacities present in all types of food and characterizing 46 
their specific mechanisms has increased noticeably.  47 
 48 
The possibility to accumulate data rapidly has encouraged authors to use simple calculation 49 
formalisms to abbreviate the testing procedure, forcing the conditions of the assay to assume a 50 
linear kinetic response, in which samples are generally assessed using a single-time and single-51 
dose. Very often the same method is performed with different experimental protocols and 52 
 3 
formalisms for quantifying the activity. This has caused a loss of information and the risk of 53 
erroneous conclusions 1 causing deficiencies in the control of the real AC of samples. The 54 
analysis of all the particular problems associated with the diverse quantification criteria used for 55 
each method is unfeasible. However, since most of the methods share the main objectives and 56 
operative requirements, the β-carotene (βC) bleaching assay 8 has been chosen as a case study. 57 
This assay is a well-accepted model for testing the AC of samples, but the quantification 58 
approaches −considering or not the variation as function of the time and the dose− applied to 59 
analyze the response is diverse. This method, as many others, very often has a poor evaluation of 60 
the results 1, despite the regularity of the oxidation and inhibition process. Results are usually 61 
expressed at a fixed single-time, which causes many difficulties to obtain a robust method. 62 
Although there are mathematical tools available to evaluate the lipid oxidation 2,9–11, they are 63 
rarely applied to quantify the responses. The βC method is a highly reproducible procedure, 64 
currently performed in microplate readers 12, providing an appropriate tool that ensures that 65 
samples, the reference antioxidant (usually commercial ones used to build the calibration curve) 66 
and the controls of the reaction can be simultaneously assessed as function of the dose and the 67 
time producing abundant data with lower experimental error. It is, therefore, a robust and 68 
meaningful example that can be used as a case study for raising the discussion of the problems 69 
associated with the different quantification criteria applied when studying the responses 70 
generated for each method. By characterizing several common A, the problems of using single-71 
time-dose quantification procedures, disregarding kinetic considerations, are discussed in detail. 72 
Furthermore, those criteria that take into account the kinetic of the process (dose-time-dependent 73 
behavior) are also evaluated and compared. 74 
 75 
In consequence, the results prove that: 1) the reduction to study the dose-response at one single-76 
time and dose, expecting to find linear forms (as described by the non-kinetic approaches) leads 77 
frequently to unreliable results; and 2) the preference for apparently simple assays, routinely 78 
 4 
applicable with minimal calculation requirements, is not very justifiable in our days, given the 79 
availability of computational applications and microplate readers, whose combination provides 80 
adequate tools to work with data sets that allow to perform accurate evaluations with non-linear 81 
modeling. Such results can be easily extrapolated to the other in vitro and in vivo assays 82 
generally used to determine the capacity to counteract the oxidation products formed.  83 
 84 
MATERIAL AND METHODS 85 
 86 
The β-carotene bleaching method 87 
 88 
Assay description: The βC method is currently well optimized and adapted to microplate readers 89 
12
.  90 
 91 
Equipment: Multiskan Spectrum Microplate Photometers from Thermo Fisher Scientific; 92 
Thermo Scientific Nunc 96-Well Polypropylene MicroWell Plate with flat bottom.  93 
 94 
Main reagents of bleaching β-carotene method: cis, cis-9,12-octadecadienoic acid (linoleic 95 
acid); β-carotene; polyoxyethylenesorbitan monopalmitate (Tween 40). 96 
 97 
Antioxidant agents used as example: butyl-hydroxyanisole or BHA, main A used as case study 98 
and/or calibration in the dose-range 0.0-(0.5)-5.0 µM; (2R)-2,5,7,8-tetramethyl-2-[(4R,8R)-99 
(4,8,12-trimethyltridecyl)]-6-chromanol or α-tocopherol (TOC), A used as a sample M1 in 0-(4)-100 
40 nM; Zinc chloride (Zn), A used as a sample M2 in 0-(107.5)-1070.5 µM; propyl 3,4,5-101 
trihydroxybenzoate or PG, A used as a sample M3 in 0-(8)-80 µM; Manganese sulfate (Mn+2), A 102 
used as a sample M4 in 0-(20)-200 µM; butyl-hydroxytoluene or BHT, A used as a sample M5 in 103 
0-(2)-20 µM; 6-ethoxy-2,2,4-trimethyl-1,2-dihydroquinoline or Ethoxyquin (ETX), A used as a 104 
 5 
sample M6 in 0-(0.3)-3 nM. All compounds were purchased from Sigma S.A. (St. Louis, MO, 105 
USA). 106 
 107 
Quantification procedure: The most common criteria applied to quantify the responses, 108 
considering or not the variation as function of the time and the dose, are described in the 109 
following. 110 
 111 
The original quantification approach 112 
 113 
According to Marco (1968) 8, when the absorbance at 470 nm is measured at increasing times 114 
and concentrations of an A, the response can be assessed through the percentage of the extended 115 
induction time (Et) defined as: 116 
 117 
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where t0, tn and tref are the times at which the βC concentration reaches a certain percentage 119 
values (p) in the absence of A, in the presence of a given concentration of the tested A and in the 120 
presence of a reference A, respectively. The author uses the values of p=50 and p=70, and 121 
recommended to linearize (using logic paper) the sigmoid response obtained. He also noted that 122 
for some common A, the relationship between A concentration and its effect on βC extended 123 
induction time was close to linearity. 124 
 125 
Usual non-kinetic approaches to quantify the antioxidant response of the βC reaction 126 
 127 
 6 
After the publication of the work of Marco (1968) 8, several ways that abbreviate the procedure, 128 
avoiding the use of kinetic analysis with probabilistic paper to quantify the response, were 129 
published. There is a high diversity of quantification criteria (Q) at a fixed time that has been 130 
used to analyze the responses. Next, the most common single-time-dose typically applied in the 131 
βC reaction and the dose-response single-time methods are summarized. Several other methods 132 
have been excluded from the analysis, such as the one described by Mikami et al. (2009) 13, due 133 
to the redundancy with one of the alternatives that would be next described.  134 
 135 
Single time and dose response procedures 136 
 137 
Q1: Percentage of oxidation inhibition (I) or relative activity  138 
 139 
It is defined by Chatterjee et al. (2005) 14 as: 140 
 141 
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 142 
where Mt is the final absorbance of the reagent in the presence of the sample and C0 the initial 143 
absorbance when the sample is replaced by water (control). The single-time used to test their AC 144 
is usually 10, 20 or 30 min. 145 
 146 
Q2: Antioxidant activity coefficient (AAC) 147 
 148 
One of the most common criteria 15–19, which is defined as: 149 
 150 
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 151 
where C, M and t subscripts have the same meaning as in the previous criterion. Again, the time 152 
varies from one to two hours, establishing a priori 20 or selecting an appropriate frame for 153 
interpolation, in view of the kinetic data.  154 
 155 
Q3: Antioxidant activity coefficient modified (AACm) 156 
 157 
An alternative way to the AACm is the normalized coefficient value of the antioxidant activity: 158 
 159 
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 160 
where the value meanings are as in previous cases.  161 
 162 
Q4: Relative rate of degradation (RD)  163 
 164 
As example used in 21–23: 165 
 166 
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where rc and rm are the specific rates of the control and sample βC bleaching, calculated 168 
assuming first order kinetics: 169 
 170 
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in which C and M are the control and the sample respectively and t are usual analytical times, 172 
usually 10, 20 and 30 minutes. 173 
 174 
Q5: Ratio of oxidation rates (ROR) 175 
 176 
This criterion 22–24 uses directly the relationship between specific rates previously defined: 177 
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Dose-response at a fixed time (Q6) 180 
 181 
Other authors 9,25 used any of the above quantification criteria (Q1 to Q5) or similar, at a fixed 182 
time as function of different doses of the sample and the A of reference. When the results behave 183 
linearly, the slope is used as the comparison term. When the response behaves in a non-linear 184 
mode, typically, the dose at which the inhibition reaches the 50% (IC50) is used as the parameter 185 
for comparative analyses.  186 
 187 
Methods taking into account the kinetic aspect of the response to quantify the antioxidant 188 
capacity 189 
 190 
In this section, those quantification methods that take into account the kinetic part of the process 191 
are briefly described. Some may not have been applied directly in the βC bleaching method, but 192 
 9 
they were considered as valuable tools for describing the oxidation process and included for 193 
discussion. 194 
 195 
Formal mathematical expressions 196 
 197 
The range of mathematical expressions available is large and common to many fields of study. 198 
The preferable options are always models that have lower number of parameters and models 199 
with parameters that provide direct meaning of the processes under analysis. In this sense, for the 200 
kinetic description of the A behavior, we have found three group of alternatives in the 201 
bibliography 2,9,10 covering a wide spectrum of profile responses, from potential to sigmoid ones, 202 
with and without intercepts. 203 
 204 
Q7: Potential functions without intercept. Power equation 205 
 206 
Recently, Terpinc et. al. (2009) 9 adjusted the temporal progress of the oxidation to the following 207 
equation: 208 
 209 
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 210 
where R is the oxidized substrate at each given time t, the response is standardized into a frame 211 
[0,1], in which 0 is the initial response at t = 0 and 1 is the response when the substrate is fully 212 
oxidized. The parameters a and b depend on the concentration of the A. The authors claim that 213 
this equation can fit different responses such as the ones found in the DPPH and bleaching βC 214 
methods. Other interesting parameter values such as the average rate and half-life (or time when 215 
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50% oxidation is achieved) can be obtained with further calculations using parameters a and b 216 
(Table 1). 217 
 218 
Q8: Sigmoid functions with intercept. Logistic equation 219 
 220 
Authors 2,10,26–29 have used the logistic equation, which can be written in its more functional form 221 
as follows: 222 
 223 
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 224 
where R is the oxidized substrate (with R0 and K as initial values and asymptotic, respectively) 225 
and rm the specific rate. The equation can be reconfigured to explicitly highlight other valuable 226 
parameters, such as the oxidizable substrate half-life (τ), maximum speed (vm) and the lag-phase 227 
(λ), see Table 1 for more details. 228 
 229 
Q9: Sigmoid functions without intercept. Weibull equation 230 
 231 
Quantification was carried out using the accumulative Weibull distribution to describe 232 
satisfactorily the whole kinetic profile 2:  233 
 234 
( ){ }1 exp ln 2R K t ατ = − −   [10] 
 235 
where K is the asymptote, τ the substrate half-life or time when 50% oxidation is achieved, and α 236 
a shape parameter associated with the maximum slope of the response. From this equation other 237 
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values of interest can be computed such as the vm and the lag-phase (λ), see Table 1 for more 238 
details. 239 
 240 
Dose-response of single “global values” that summarize the kinetic response  241 
 242 
Q10: Lag-phase (λ) and inhibition time of oxidation (tinh) 243 
 244 
Those values are common criteria in the determination of the protective effect of A in a very 245 
diverse range of methods. We have not seen their application into the βC assay. Both values have 246 
nearly analogue meanings and very narrow differences.  247 
 248 
The lag-phase is typically used in those methods that the response shows clear sigmoid profiles, 249 
such as those that involve the oxidation of lipids 10,29. The lag-phase value is commonly 250 
determined by univariate mathematical modeling with S-shaped equations as the ones described 251 
in Table 1. Pure geometric reparametrizations of those equations are used to directly perform the 252 
analysis and to obtain the λ value as a parameter in the equation. Those rearrangements define 253 
the λ as the intersection point obtained at the x axis (time units in this case) by a linear 254 
extrapolation tangent to the curve at the inflection point.  255 
 256 
While the tinh value is the alternative solution to compute the λ parameter when certain assay 257 
conditions make it difficult to obtain the λ parameter 30,31. For example, in the case of the LDL 258 
oxidized by Cu2+, the response is affected by two different actions. The LDL is oxidized 259 
spontaneously in the conditions of the assay and by the Cu2+ ions added, which is reflected in a 260 
biphasic curve. Because the spontaneous oxidizing rate is very low compared to the effect caused 261 
by Cu2+, the spontaneous oxidation of LDL (base-line of the response) is subtracted graphically 262 
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by drawing a line from the starting value at t = 0 parallel to the base-line of the response and the 263 
tinh value is the intersection point with the line tangent to the main curve of the process. 264 
 265 
Those values are computed in a dose-response format and expressed in min/µM. The higher this 266 
value is, the stronger the A is. Authors that support those approaches defended their simplicity 267 
and less experimental effort needed.  268 
 269 
Q11: Area units under the curve  270 
 271 
A simple approach to characterize the A action through a single value is achieved by calculating 272 
the area under the kinetic profile 32–34. This has also been applied in more complex responses, as 273 
example, to simplify the variable time response to one value 35. Even with the lack of a formal 274 
description of that profile, if Ri are the responses along an arbitrary time series, it is possible to 275 
define a response in terms of area units (AU) that can easily be calculated by any numerical 276 
integration method, such as the trapezoidal rule as follows: 277 
 278 
1
1 1
22 2
i n
n n
i i
i
R tR tAU R t
= −
=
∆∆
= + ∆ +∑
 
[11] 
 279 
where i is the number of data measured along the time t, ∆t is the interval of each measurement 280 
and AU are the area units under the curve. For the particular case here analyzed, the area values, 281 
represent the accumulative amount of βC bleached during the total time (t) analyzed. 282 
 283 
Numerical and statistical methods 284 
 285 
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Fitting the experimental results to the proposed equations was carried out in two phases. First, 286 
parametric estimates were obtained by minimization of the sum of quadratic differences between 287 
observed and model-predicted values, using the nonlinear least-squares (quasi-Newton) method 288 
provided by the macro Solver de Microsoft Excel 2003 spreadsheet 36. It allows quick testing of 289 
hypotheses and display of its consequences. Subsequently, the determination of the parametric 290 
confidence intervals and model consistency (Student´s t and Fisher´s F tests, respectively, in 291 
both cases with α = 0.05) were calculated using the ‘SolverAid’ macro 37,38. The ‘SolverStat’ 292 
macro 39 was used for detecting possible anomalies in the distribution of parametric estimates 293 
and residuals.  294 
 295 
RESULTS 296 
 297 
Non-kinetic approaches (Q1-Q6) 298 
 299 
Response at a single time and single dose (Q1-Q5) 300 
 301 
Commonly, the mathematical determinations of the AC are based on a fixed endpoint without 302 
proper consideration of the kinetic behavior. The most typical practice is to use the single-time 303 
dose-response of one commercial A as a calibration curve (focusing on the concentration range 304 
that shows a linear pattern), and afterwards to compute the equivalent AC of any type of sample 305 
by testing it only at one single-time-dose, assuming too many false aspects as true. In Figure 1, 306 
we present a graphical representation of the problematic aspects when using single-time-dose of 307 
a sample. On the left side of the Figure 1, the kinetic results (32 time measurements) of the βC 308 
reaction at increasing concentrations of BHA (as the calibration curve) are displayed in the 309 
format of each of the non-kinetic quantification criteria (Q1-Q5) described in the Materials and 310 
Methods section. In the middle of Figure 1, six well-known A are presented as samples (M1-M6) 311 
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and their kinetic activity is shown at one single dose for each of the non-kinetic criteria (Q1-Q5). 312 
Finally, on the right side, the equivalent activity computed by interpolation of each of the 313 
samples for each of the kinetic points analyzed are shown. It can be seen that the equivalent 314 
activity of BHA per each sample varies considerably as function of the time of interpolation. The 315 
variations depend on the level of similarity between the curves. The BHA dose-response is a 316 
specific case −that we know 12− that behaves close to a first order response in the βC bleaching 317 
reaction. For those sample responses that their kinetic profile have similar pattern, their 318 
equivalent kinetic response is kept more or less constant, which is the case for M1, M2 and M3 319 
samples. However, even in those responses with similar profiles, it can be seen that performing 320 
the equivalent activity at initial kinetic points (<25 min), the response at which the major 321 
measurement errors are produced, causes high equivalent activity inaccuracies. For all other 322 
cases, the type of the response profile was different than that exhibited by the reference A and 323 
this caused a considerably dependency on the time at which the kinetic measure is performed. 324 
For example, cases M5 and M6 showed a different degree of sigmoid profiles, in consequence, 325 
their kinetic equivalent computation show major differences at any time. The case of M4 shows a 326 
potential pattern, as well as the previous cases, but in an opposite way, the kinetic equivalent 327 
activity estimation shows a clear dependency on the fixed point selected. 328 
 329 
Dose-response at a fixed time (Q6) 330 
 331 
The problems above explained, are not solved when the quantification involves computing the 332 
slope (linear responses) or the IC50 (non-linear responses) of samples and a reference A, at a 333 
single or various fixed end points for any of the Q1-Q5 criteria or other similar approaches. 334 
Although testing samples and reference A in a dose-response way seems to be a more consistent 335 
approach, the calculated values (slope and IC50) remain highly dependent on the time and on the 336 
similarities between the behaviors of the dose-response of the compounds.  337 
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 338 
On one hand, to illustrate the dependence on the time, Figure 2A shows the kinetic dose-339 
response of BHA in the format of criterion Q1. In this figure we select “randomly” two possible 340 
fixed time points (25 and 100 min). Figure 2B shows the non-linear dose-response of BHA at 341 
those fixed points showing graphically the variance of the IC50 obtained. Figure 2C shows the 342 
behavior of the computed value IC50 at all kinetic times measured. Therefore, the fixed points 343 
initially chosen have a relevant impact on the final IC50 obtained. In the case of BHA, the dose-344 
response tested was between 0 and 5 µM, and the range of the computed IC50 between 0.5 and 2 345 
µM. Additionally, to extend our concerns regarding the applications of this type of quantification 346 
criteria, Figure 2D shows the dose-response of samples M1-M6 (concentration ranges in the 347 
legend of Figure 2). Figure 2E shows the computed kinetic IC50 value for all samples. The 348 
response was standardize into a [0,1] format to distinguish the differences in a more graphical 349 
mode, in which 0 represents the absence of A and 1 the maximum tested dose of A. Thus, it can 350 
be examined that the kinetic variance of IC50 in some cases reaches values up to 70% of the dose 351 
response tested.  352 
 353 
On the other hand, to illustrate the dependency on the type of dose-response profiles, we have 354 
computed the equivalent mg of BHA (Figure 2F) per x unit of concentration of each A (the 355 
corresponding x units of each A are clarified in the graph). It can be observed that those A that 356 
had similar kinetic IC50 profiles (M1, M2, M3 and M5 cases), which only occurs after 75 min of 357 
the assay (probably when the protection of the A has ended) showed “relative consistent” results. 358 
However, such an event seems to be more casual than a reliable measure. Any dose-response at a 359 
fixed point earlier than 75 min (dark area on plots D and F of Figure 2) resulted in serious 360 
inconsistencies.  361 
 362 
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When authors developed these evaluation criteria (Q1-Q5), in an effort to abbreviate the assays 363 
performance and obtain quick results, they related the rate of the process (decrease oxidizable 364 
substrate per unit time) of samples (in dose-response mode or not) and the dose-response of the 365 
A of reference. However, as non-linear kinetic responses, this value varies with time, thus the 366 
only useful rate value would be the maximum one, but the time at which the rate reaches its 367 
maximum cannot be established a priori and varies for each compound and concentration. In 368 
addition, the experimental effort necessary to calculate this value without much mistake allows, 369 
as we shall demonstrate, to perform the analysis in more accurate and complete form than that 370 
derived from the non-kinetic approaches.  371 
 372 
Kinetic approaches with formal mathematical expressions (Q7-Q9) 373 
 374 
Even if, in general, the criteria that applies mathematical expressions to analyze the kinetic part 375 
of the process produces much better results than those that abbreviates the response in a single-376 
time value, there are specific problems with the type of expressions used. Next, we will discuss 377 
the problems and advantages of the mathematical expressions described in the bibliography 378 
when applied to the oxidation process. 379 
 380 
Univariate approach 381 
 382 
The detailed mechanistic description of lipid oxidation is complex and varies from one to the 383 
other systems, which has led to the search for empirical general models, able to describe the 384 
most common profiles. As in many biological systems, such as microbiology, toxicology, 385 
pharmacology, immunology, population dynamics, etc, for wide diverse circumstances, it is 386 
usual to describe the effect of a response (independent variable) as function of another variable 387 
(dependent) by a group of mathematical expressions (mechanistic or not) that translate the 388 
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pattern of the response into parameters. Afterwards, those parameters are used to deduce the 389 
meaning and/or quantify the effect of many possible dependent variables. Except for the 390 
particular case of responses linearly dependent, in almost all the other cases -which are the most 391 
frequent ones in biology-, non-linear expressions must be used to properly describe the effects of 392 
variables. 393 
 394 
The simple formal descriptions limiting the response in a 2D framework such as the power 395 
function alternative (Q7) are only acceptable in restricted situations. The power function (Q7) is 396 
a possible alternative 9 to adjust fractional-order kinetic profiles, but fails in the description of 397 
first-order processes or sigmoid profiles. Figure 3 shows the fittings to the time-dose dependent 398 
response of BHA and it can be observed that the adjustments are reasonably acceptable. 399 
However, the parameters produced are not statistically significant (Table 2), even when the BHA 400 
is a particular case with profiles similar to those described for this type of function.  401 
 402 
Other alternatives are those models that cover the maximum possible responses in a 2D frame 403 
and minimize the number of parameters such as the sigmoid functions. In this regard, two 404 
mathematical expressions, the Logistic (Q8) and Weibull (Q9) equations have been transferred 405 
from other fields to describe the oxidation action 2,10. Both equations have been increasingly 406 
applied in different fields with diverse purposes (such as medicine, biology, pharmacology, 407 
microbiology, forestry, etc) to describe the diversity profile from potential to sigmoid ones. They 408 
are appropriate for modeling processes as the lipid oxidation to obtain key parameters to 409 
summarize the responses. In fact, both equations are able to describe the profile responses of the 410 
anti-oxidation kinetics of BHA accurately. However, as it was already underlined by other 411 
authors 40, the equations with intercept such as the logistic cause some problems, and in general, 412 
it is preferable to consider that the oxidative response is null at zero time. As it can be seen in 413 
Figure 3 and Table 2, the results of the univariate fitting to the BHA case in the βC reaction are 414 
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better performed by the criterion Q9 (Weibull equation) than by Q8. When the fitting is 415 
performed with a sigmoid function with intercept, the residual distribution and the correlations 416 
between the observed and predicted data show higher deviations. The major issues arise when 417 
the criterion Q8 describes the initial states and the final part of the reaction. Such deviations 418 
disappear when the fitting is performed with approach Q9. In addition, criterion Q9 is an 419 
extremely versatile function [10], whose shape is controlled by the parameter α: if α<1 it can 420 
describe the profiles generated by the model developed by Terpinc et. al. (2009) 9; if α=1 it 421 
describes a first-order kinetic; and if α>1, a large variety of sigmoid profiles are produced. 422 
 423 
In general, the sigmoid function without intercept [10] is the best solution to fit individually the 424 
kinetic profiles corresponding to a series of increasing levels of an A agent. However, similar 425 
results are found, when instead of the Weibull equations, other three parameter sigmoid 426 
equations without interception are used such as the Hill, Gompertz or Richards-Chapman ones. 427 
Because the differences are narrow we will use the Weibull equation as example, but the results 428 
are easily extended to any other mentioned S-shaped curve without intercept. 429 
 430 
Unlike the Q1-Q6 alternatives, once a model is established, the variations of its parameter 431 
values, such as K, τ and α, or others as νm and λ can characterize the response and help to 432 
quantify the effect of the A agent. However, as stated by many authors before 41,42, living systems 433 
are exposed to agents, any particular effect may be expected to be a function of both the dose in 434 
the external surroundings and the exposure time, in a bivariate form as discussed in the following 435 
section. 436 
 437 
Bivariate approach. Simultaneous analysis of time and dose to evaluate the antioxidant capacity 438 
 439 
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Each component of a bivariate solution has a defined role in the evaluation of A. In general 440 
terms, the dose component would simply articulate the A availability, whereby the time 441 
component translates the affinity of the A for the radicals generated. Adequate mathematical 442 
models are available for the analysis of such phenomena. Knowledge of dose-time effect would 443 
be particularly important in the establishment of reference levels and to assess appropriately the 444 
effect of A. Additionally, optimal efficient data analysis should involve simultaneous description 445 
of all curves, rather than fitting each one individually because, if the necessary information to 446 
describe a parameter of the function is missing in one or various curves, this can be completed 447 
with the information from the other curves. Also, when the mathematical behaviors of the 448 
responses are unlocked, this information may provide the base for classification systems that 449 
could reveal A mechanistic patterns. 450 
 451 
For the description of the time component of the function, we have discussed previously that the 452 
sigmoid equations (Weibull, Hill, Gompertz or Richards-Chapman) are adequate approaches. For 453 
the description of the dose component of the function, those sigmoid equations could also be 454 
suitable. However, other authors 12,41,42 have made progress in the simultaneous analysis of dose-455 
time-response to evaluate the AC and found that the dose-effect over any parameter (θ) of the 456 
function shows a saturable type effect 43. Therefore, the equations that best fit these requirements 457 
are the following first-order, polynomial or hyperbolic expressions: 458 
 459 
[12] 
[13] 
( )
( ) ( )
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θ θ θ
θ θ θ θ
θ θ θ
θ θ
= + −

= = + +

= + +
 
[14] 
 460 
where the θ subscript represents the modified parameter (K, τ or α), θ0 is the parametric value 461 
when A = 0, and the pairs mθ, nθ are fitting coefficients. It should be noted that, in the absence of 462 
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effect, the first function requires mθ = 0 and nθ ≠ 0, whereas the other two require mθ = 0 and nθ = 463 
0. Moreover, in the third function the condition nθA = –1 produces a singularity, to avoid it, when 464 
A concentrations are coded in the interval [0,1], it is advisable to include the restriction nθ > –465 
0.999 in the fitting algorithm. Thus, the model [10] turns into the following bivariate form: 466 
 467 
( )
0
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, 1 exp ln 2
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tR t A KH
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 [15] 
 468 
When any of the mentioned forms of Hθ ([12],[13] and [14]) is inserted into [15], excellent 469 
simultaneous fittings were obtained in the case of BHA and all other sample cases (M1-M6) 470 
which confirms the specificity of the parametric variations found in the individual descriptions. 471 
However, when using equations [12] and [13] to describe the dose effect, even if their parametric 472 
values are more informative, we have found, for some parameters, confident interval values with 473 
no statistically significant, which will lead to reject the model and therefore, it would be 474 
necessary to select a different approach. When solution [14] is used to insert the action of A in 475 
[15], the individual coefficients mθ and nθ lack of proper meaning, but jointly they define a term 476 
as a function of the concentration of a given A. It allows a useful way of quantification of the 477 
variations of the kinetic profiles which characterize the different types of A and provides even 478 
indications concerning modes of action. The advantage of equation [14] is that if any of its 479 
parameters (m or n) is not statistically significant, by rejecting it, the analysis and fitting 480 
procedure could be continuous without altering the overall equation [15]. Indeed, if m=0 or n=0, 481 
the equation would be a linear one (increasing or decreasing respectively) and if m≠n≠0, the 482 
function would be a hyperbolic one. Figure 4A shows the results obtained with the hyperbolic 483 
function [14] in the equation [15]. Figure 4B shows the prediction effectiveness of the bivariate 484 
approach. These results were robust and consistent, the residuals were randomly distributed and 485 
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autocorrelations were not observed. The prediction was slightly worse than when the univariate 486 
approach with three parameters S-shaped equations with intercept were used (Figure 3), but the 487 
joint solution provides a better understanding of the process. The parametric values of the 488 
bivariate analysis to the dose-time BHA data are presented in Table 2 showing low confidence 489 
intervals (α = 0.05) and higher correlation coefficients.  490 
 491 
Once the same expression is applied to samples (M1-M6), the profile defined by the specific 492 
action of the A, described by the parameters of equation [14], provides a meaningful way to 493 
compare their activities. As it can be seen in Figure 4C, by plotting the specific variations of the 494 
kinetic parameters as a function A allows visualizing the agent-specific dynamics and their 495 
activities are compared straightforward.  496 
 497 
Dose-response of single “global values” that summarize the kinetic response (Q10-Q11) 498 
 499 
Lag-phase (λ) and inhibition time of oxidation (tinh) 500 
 501 
The first part of Figure 5 shows an illustration of how narrow the meanings of λ and tinh values 502 
are. They have analogue meanings, but as explained the tinh value must be understood as a 503 
solution when the common ways of describing λ have failed. Therefore, from now on, instead of 504 
discussing both values separately, we will only focus on the λ.  505 
 506 
In this sense, many authors emphasized the particular difficulties in estimating the lag phase 507 
parameter 44. Two reasons may explain those difficulties. The first problem has been studied in 508 
depth in other fields, notably in food microbiology, in which the estimations of λ has been found 509 
especially unreliable from different equations or graphical interpolations. Although different 510 
hypotheses provide similar estimates, the imprecision of the estimates is generally larger than the 511 
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differences between the approaches used, which is highly dependent on the quality of the dataset. 512 
The second reason is related to the first one and comes from the fact that the actual definition of 513 
the parameter λ is purely geometric. To illustrate the problems, in the second part of Figure 5, we 514 
are presenting three different case scenarios (C1-C3) that can be found in the dose-time 515 
oxidation response of many methods. C1 shows dose-response curves with identical shape, but 516 
with different starting points or lag-phases. This particular case represents an ideal one, in which 517 
both values will be an excellent measure of the AC of compounds. However, C2 and C3 show 518 
other cases, in which such idyllic relations are not fulfilled. C2 shows a case in which the shape 519 
of the curve varies with the concentration of A, which causes very short lag-phases in the curves 520 
close to first-order profiles and more realistic values when the shape is more pronounced or 521 
sigmoid. C3 shows a dose-response case with static shape profiles as function of A, which is very 522 
close to first-order ones. In this type of cases, the resulting lag-phases would always be low 523 
values. Overall, the three specific case responses have similar activity, but if we compare the 524 
resulting values found (graphically described in Figure 5), it becomes clear that those two global 525 
values λ and tinh are very dependent on the shape of the curve producing unreliable conclusions. 526 
 527 
Area units under the curve (Q11) 528 
 529 
Once the area values are obtained (using for example approximation [11]), there are many ways 530 
to transform these values into other useful ones. In the following, we will describe a simple 531 
process for the data under evaluation, which may possibly be valid for some type of A responses. 532 
The area values response can be standardized in a diverse type of formats. One that can be 533 
appropriate for our response is to rearrange them to the amount of molecules (µM) of βC 534 
protected ( P ) during the time-frame of the assay, in the presence of a dose-response of an A, 535 
using the following relation: 536 
 537 
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C A
T
AU AUP
t
−
=
 
[16] 
 538 
in which AUC and AUA are the area units corresponding to the kinetic profiles in the absence (C: 539 
control) and presence of a concentration (A) of an A and tT is the total time of the assay (min). 540 
 541 
Typically, the dose-response of the value P  is plotted against the concentration of A. In 542 
occasions, authors have shown a linear relation, but as discussed previously, such a behavior 543 
only must be true in a short range of concentrations or perhaps only for specific assays. For the 544 
case of BHA, the response found was non-linear, suggesting that some radical-generating 545 
property of the system can be saturated 43. This type of dose-response patterns can be adjusted to 546 
previous equations ([12],[13] and [14]) as the following asymptotic function:  547 
 548 
( ) ( )1 exp= − −  mP A P rA  [17] 
 549 
where A is the concentration of the A agent under study in µM, P (A) is the response behavior of 550 
the value P  as a function of A, Pm is the asymptotic value of the parameter obtained (µM of the 551 
substrate protected) and r is the specific dose-rate (µM-1 of A).  552 
 553 
In addition, other interesting values can be computed. For example, by multiplying both 554 
parameters (Pm and r) estimated by equation [17] as follows: 555 
 556 
mF P r= ×   [18] 
 557 
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Therefore, the value F obtained, it corresponds to the average amount of molecules protected per 558 
unit of A (µM of the protected substrate/µM of A). 559 
 560 
Figure 6A shows an illustration of how the relative values of area are obtained for one particular 561 
case of the dose-response of BHA. Figure 6B shows the dose-response curve profile fitted to 562 
equation [17] for the case of BHA. Figure 6C displays the F values ([18]) produced for the case 563 
BHA and samples (M1-M6). Therefore, the AC of compounds could be summarized in one 564 
single-value summarizing the dose-time-response. 565 
 566 
The criterion Q11 represents a way of taking into account the kinetic profile, but bypassing 567 
complex analytical expressions. The new microplate methods allow to conduct large temporal 568 
data effortless with high accuracy. Its advantages are its simplicity 45 and synthetism. However, 569 
this second advantage is also its biggest drawback, because the lack of possible interrelations 570 
between their values and some possible mechanistic consequences that have a clear practical 571 
interest. However in cases of complex responses, such as samples with more than one effector, 572 
either opposite effects (antioxidant vs. pro-oxidant) or similar (antioxidant vs. antioxidant), the 573 
use of empirical models requires equations that integrate their interaction effects or alternatively, 574 
their sum. In those types of complex matrices, the application of a globalizing parameter such as 575 
the area under the curve becomes very useful. It allows to summarize the time part of the 576 
response in one global value and therefore to quantify the dose-time-response with a simple 577 
equation. Thus, in our opinion, it is an useful, simple and complete tool when complex responses 578 
need to be studied 35 and when the goal is to quantify. 579 
 580 
DISCUSSION 581 
 582 
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The bibliographic references is plentiful in experimental AC methods that are standardized in 583 
such a way that kinetic profiles are ignored, promoting the idea that rigorous protocols are 584 
needed to find the results in a proper format, normally as linear responses. The βC method 585 
presented here as a case study, is just one example. In many other methods, as in the βC reaction 586 
to quantify the AC, authors have selected those conditions that hide the non-linear character of 587 
the oxidation kinetics, have selected commercial A that generates similar results to the linear 588 
specific response and have applied the traditional criteria to quantify the response (dose-response 589 
of one commercial A as a calibration curve to compute the equivalent AC of a sample, which is 590 
only tested at one single-time-dose). In fact, when kinetic models are disregarded and measures 591 
are performed at single-time-dose, it is obvious that researchers tended to developed more 592 
complex protocols and impractical standardization. The results obtained when the activity is 593 
measured at one fixed time, not only generates a serious reproducibility problem and prevents 594 
meaningful comparisons 4,5,26,27,34,46, but also makes it difficult to evaluate critical points that can 595 
be standardized 3. Indeed, the reality is that the conclusions found may be limited and not be 596 
reproduced anywhere else. 597 
 598 
Antioxidants act by several mechanisms, e.g. by donating hydrogen to radicals, reducing power, 599 
free radical scavenging activity, metal chelating ability, inhibition of βC bleaching and 600 
quenching singlet oxygen. The method used to measure and calculate the AC has a major impact 601 
on the results because, in both in vivo and in vitro, the oxidation reactions are complex, in which 602 
the dominant mechanism depends on many system conditions. Furthermore, we are using 603 
oxidizing substrates, initiators, and other components and the activity is measured in different 604 
environments, such as bulk oils, emulsions and multiphase, which may not represent the real 605 
systems. Avoiding the use of the kinetic part of the reaction to evaluate the capacity of 606 
antioxidants is incongruous. Today, the computer technology and the development of microplate 607 
readers make it easier to obtain sufficient data in a time-dose format and there are a diverse 608 
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amount of tools that allows to quantify properly the responses, such as criteria Q9 and Q11. 609 
Consequently it does not seem reasonable to exclude these resources for routine assessments. In 610 
our opinion, any criterion avoiding kinetic focus is a misleading simplification. We are aware 611 
that criteria Q9 and Q11 are slightly elaborated than a single-time response, but it is also much 612 
less deceiving. Not only it does produce characterizing values of practical interest with high 613 
reproducibility, but also enables the inclusion, if necessary, of environmental variables that 614 
modify the process as well as the inference of mechanistic details that can be verified by other 615 
methods.  616 
 617 
Perhaps by using Q9 and Q11 those solutions to describe the oxidation process, we are not 618 
helping to translate the results, because they may be related with the response itself, but at least 619 
we are able to: 1) describe with precision the kinetics detected in many different reactions with 620 
antioxidants of very different nature; 2) obtain reproducible characterizing values of practical 621 
interest; 3) incorporate consistently, if necessary, environment variables that modify the process; 622 
and 4) infer mechanistic details that can be verified by other methods. 623 
 624 
The reduction to study the dose-response at one single-time and expect to find linear forms (as 625 
described by the non-kinetic approaches) frequently leads to unreliable results and 626 
misinterpretations. The preference for apparently simple assays, routinely applied with minimal 627 
calculation requirements, is not very justifiable today, given the availability of computational 628 
applications and microplate readers, whose combination provides adequate tools to work with 629 
data sets that allow accurate evaluations enabled by the non-linear modeling. We believe we 630 
have provided evidences that demonstrates the inadequate evaluation and quantification of the 631 
responses that focus on analyzing the results at a fixed time avoiding the kinetic perspective. 632 
These results show the needs to apply a dose-time-dependent model to quantify the AC. 633 
 27 
Otherwise the response will always be poorly described. We believe that those facts could be 634 
extended generally to almost all oxidative response methods. 635 
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 644 
FIGURE CAPTIONS  645 
 646 
Figure 1: Analysis of the problems of single-dose quantification procedures at a fixed time (Q1-647 
Q5). We use the dose-response of the antioxidant BHA 0.0-(0.5)-5.0 µM as the reference 648 
antioxidant and evaluate the results in the βC bleaching reaction from a kinetic point of view. Six 649 
samples (M1-M6) are used to test the robustness of the Q1-Q5 criteria. The doses used of the 650 
samples are: M1 (8 nM of TOC), M2 (1007.5 µM of Zn), M3 (80 µM of PG), M4 (200 µM of 651 
Mn), M5 (20 µM of BHT) and M6 (4 nM of ETX). 652 
 653 
Figure 2: Analysis of the problems of dose-response quantification procedures at a fixed time 654 
(Q6). As example we use the dose-response of the antioxidant BHA 0.0-(0.5)-5.0 µM and 655 
evaluate the results in the βC bleaching reaction from a kinetic point of view. A: kinetic dose-656 
response of BHA in the format of Q1 criterion; B: non-linear dose-response of BHA at the fixed 657 
points selected in the previous graph; C: behavior of the computed value IC50 at all kinetic times 658 
measured; D: dose-response of samples M1-M6 (concentration ranges in material and methods 659 
section). E: computed kinetic IC50 value for all samples; and F: the equivalent mg of BHA 660 
activity of all samples. 661 
 662 
Figure 3: Kinetic description of βC bleaching, in the presence of the different concentrations 0.0-663 
(0.5)-5.0 µM of BHA in the final solution with the available mathematical expressions as 664 
criterion Q7, Q8 and Q9. For each determination equation three different subsections are 665 
graphically analyzed: A: Univariate kinetic description of βC bleaching in the presence of the 666 
different concentrations 0.0-(0.5)-5.0 µM of BHA in the final solution (0: , 0.5: , 1.0: , 1.5: , 667 
2.0: , 2.5: , 3.0: , 3.5: , 4.0: , 4.5:  and 5.0 µM: ); B: The residual distribution of the 668 
fitting results for all the doses assessed; and C: Main parameters pattern as function of A doses. 669 
 670 
Figure 4: A: Bivariate kinetic description of βC bleaching in the presence of the different 671 
concentrations 0.0-(0.5)-5.0 µM of BHA in the final solution; B: Correlation between the 672 
predicted and observed data, and residual distribution of the fitting results; and C: Specific 673 
behavior of the interesting parameters for all the samples under study as function of A doses. 674 
 675 
Figure 5: Illustration of the problems associated with the application of initial stages parameters, 676 
such as the lag-phase (λ) or time of inhibition (tinh). 677 
 678 
Figure 6: A: shows an illustration of how the relative values of area are obtained for one 679 
particular case; B: shows dose-response curve profile fitted to equation [17] for the case of BHA: 680 
C: shows the AC rank obtained with the F values ([18]) for the case BHA and the samples used 681 
(M1-6). 682 
 683 
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 684 
TABLE CAPTIONS  685 
 686 
Table 1: The 3P-SE equations with or without intercept used are summarized next along with 687 
other several properties. The original or traditional forms of these equations were reformulated to 688 
facilitate comparisons, thus all of them would have a positional parameter such as the half-life 689 
(now on m) and an asymptotic parameter (K) among the regression parameters of the functions. 690 
The third parameter c for those models without intercept would represent the value of the 691 
intercept and for those with intercept would be related with steepness of the function. 692 
 693 
Table 2: Parametric estimates and confidence intervals (α=0.05) in percentage of the β-Carotene 694 
bleaching kinetics. 695 
 696 
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FIGURES  762 
 763 
 
 
Figure 1: Analysis of the problems of single-dose quantification procedures at a fixed time (Q1-
Q5). We use the dose-response of the antioxidant BHA 0.0-(0.5)-5.0 µM as the reference 
antioxidant and evaluate the results in the βC bleaching reaction from a kinetic point of view. Six 
samples (M1-M6) are used to test the robustness of the Q1-Q5 criteria. The doses used of the 
samples are: M1 (8 nM of TOC), M2 (1007.5 µM of Zn), M3 (80 µM of PG), M4 (200 µM of 
Mn), M5 (20 µM of BHT) and M6 (4 nM of ETX). 
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Figure 2: Analysis of the problems of dose-response quantification procedures at a fixed time 
(Q6). As example we use the dose-response of the antioxidant BHA 0.0-(0.5)-5.0 µM and 
evaluate the results in the βC bleaching reaction from a kinetic point of view. A: kinetic dose-
response of BHA in the format of Q1 criterion; B: non-linear dose-response of BHA at the fixed 
points selected in the previous graph; C: behavior of the computed value IC50 at all kinetic times 
measured; D: dose-response of samples M1-M6 (concentration ranges in material and methods 
section). E: computed kinetic IC50 value for all samples; and F: the equivalent mg of BHA 
activity of all samples. 
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Figure 3: Kinetic description of βC bleaching, in the presence of the different concentrations 0.0-
(0.5)-5.0 µM of BHA in the final solution with the available mathematical expressions as 
criterion Q7, Q8 and Q9. For each determination equation three different subsections are 
graphically analyzed: A: Univariate kinetic description of βC bleaching in the presence of the 
different concentrations 0.0-(0.5)-5.0 µM of BHA in the final solution (0: , 0.5: , 1.0: , 1.5: , 
2.0: , 2.5: , 3.0: , 3.5: , 4.0: , 4.5:  and 5.0 µM: ); B: The residual distribution of the 
fitting results for all the doses assessed; and C: Main parameters pattern as function of A doses. 
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Figure 4: A: Bivariate kinetic description of βC bleaching in the 
presence of the different concentrations 0.0-(0.5)-5.0 µM of BHA in 
the final solution; B: Correlation between the predicted and observed 
data, and residual distribution of the fitting results; and C: Specific 
behavior of the interesting parameters for all the samples under study 
as function of A doses. 
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Figure 5: Illustration of the problems associated with the application of initial stages parameters, 
such as the lag-phase (λ) or time of inhibition (tinh). 
 773 
 774 
 38 
 775 
 
 
Figure 6: A: shows an illustration of how the relative values of 
area are obtained for one particular case; B: shows dose-response 
curve profile fitted to equation [17] for the case of BHA: C: 
shows the AC rank obtained with the F values ([18]) for the case 
BHA and the samples used (M1-6). 
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TABLES 778 
 779 
     
Table 1: The equations with or without intercept used are summarized next along with other several properties. The original or traditional forms of 
these equations were reformulated to facilitate comparisons, thus all of them would have a positional parameter such as the half-life (now on τ) and an 
asymptotic parameter (K) among the regression parameters of the functions. The third parameter (b, c and α) would be related with steepness of the 
function. 
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Table 2: Parametric estimates and confidence intervals (α=0.05) in percentage 
of the β-Carotene bleaching kinetics. 
       
       
LOGISTIC FUNCTION 
          
          
[A] K R0 µmax vm λ r2 
          
          
0.0 0.82±0.01 0.071±0.018 0.064 ±0.007 0.0136 7.847 0.9913 
0.5 0.82±0.01 0.068±0.012 0.038 ±0.003 0.0070 3.918 0.9917 
1.0 0.82±0.01 0.075±0.013 0.025 ±0.002 0.0046 2.292 0.9833 
1.5 0.82±0.01 0.081±0.013 0.019 ±0.002 0.0038 11.02 0.9731 
2.0 0.82±0.01 0.078±0.013 0.016 ±0.002 0.0036 24.09 0.9638 
2.5 0.82±0.01 0.072±0.012 0.015 ±0.001 0.0034 37.45 0.9572 
3.0 0.82±0.01 0.068±0.011 0.014 ±0.001 0.0032 45.47 0.9588 
3.5 0.82±0.01 0.060±0.011 0.013 ±0.001 0.0031 53.65 0.9495 
4.0 0.82±0.01 0.058±0.010 0.013 ±0.001 0.0029 58.39 0.9498 
4.5 0.82±0.01 0.052±0.010 0.013 ±0.002 0.0028 62.45 0.9408 
5.0 0.82±0.01 0.048±0.011 0.013 ±0.002 0.0027 65.76 0.9284 
          
          
POTENCIAL FUNCTION 
          
          
[A] K a b τ  r2 
          
          
0.0 0.93±0.05 2599.9 (NS) 47.85 (NS) 55.5  0.9920 
0.5 0.93±0.05 2500.0 (NS) 27.32 (NS) 107.0  0.9918 
1.0 0.93±0.05 2419.8 (NS) 17.21 (NS) 143.4  0.9915 
1.5 0.93±0.05 2210.7 (NS) 11.64 (NS) 163.7  0.9934 
2.0 0.93±0.05 2117.1 (NS) 9.19 (NS) 185.5  0.9958 
2.5 0.93±0.05 2064.3 (NS) 7.43 (NS) 212.0  0.9968 
3.0 0.93±0.05 2043.6 (NS) 6.49 (NS) 233.4  0.9961 
3.5 0.93±0.05 2039.6 (NS) 5.66 (NS) 265.3  0.9967 
4.0 0.93±0.05 2009.3 (NS) 4.99 (NS) 292.3  0.9972 
4.5 0.93±0.05 2024.0 (NS) 4.68 (NS) 316.5  0.9982 
5.0 0.93±0.05 2027.8 (NS) 4.37 (NS) 340.8  0.9985 
          
          
WEIBULL FUNCTION 
          
          
    Univariate approach 
          
          
[A] K τ α vm λ r2 
          
          
0.0 0.88±0.01 36.83±0.70 1.29 ±0.04 0.0132 1.11 0.9993 
0.5 0.88±0.01 63.56±0.71 1.37 ±0.03 0.0078 3.02 0.9993 
1.0 0.88±0.01 92.89±0.91 1.28 ±0.03 0.0052 2.72 0.9991 
1.5 0.88±0.01 122.27±1.67 1.15 ±0.03 0.0041 1.01 0.9981 
2.0 0.88±0.01 148.31±2.09 1.08 ±0.03 0.0035 0.40 0.9982 
2.5 0.88±0.01 180.38±3.03 1.04 ±0.03 0.0030 0.13 0.9981 
3.0 0.88±0.01 206.49±4.86 1.02 ±0.03 0.0027 0.03 0.9973 
3.5 0.88±0.01 233.90±5.13 1.04 ±0.03 0.0024 0.11 0.9979 
4.0 0.88±0.01 273.46±8.09 1.02 ±0.03 0.0021 0.04 0.9979 
4.5 0.88±0.01 283.22±5.77 1.02 ±0.02 0.0020 0.04 0.9986 
5.0 0.88±0.01 296.95±7.71 1.05 ±0.03 0.0018 0.26 0.9981 
          
          
    Bivariate approach 
          
          
 Control param. τ modifiers α modifiers    
 K 0.88±0.02 mτ 1.52±0.2 mα 0.14±0.01 r2 0.9983  
 τ 36.7±1.1 nτ -- nα 0.27±0.02   
 α 1.34±0.19        
          
          
RELATIVE AREA UNITS 
          
          
[A] P      
          
          
0.0 0.000       
0.5 0.120     
1.0 0.239 Parametric estimates to model [17]:   
1.5 0.317 Pm 0.511 ±0.021 r2 0.9987  
2.0 0.361 r 0.614 ±0.053    
2.5 0.401      
3.0 0.425   
3.5 0.449 F value 0.313  µM of βC protected/µM of A 
4.0 0.467       
4.5 0.479       
5.0 0.490       
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